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1. Introduction 
Heme a, the iron-containing prosthetic group of 
the respiratory protein, cytochrome oxidase, has 
unusual substituents at two pyrrole carbons: a formyl 
at position z and a hydroxyfarnesylethyl at position 
2 [l]. As a consequence, the optical properties of 
heme a are significantly different from those of proto- 
heme [2]. 
In vivo, two hemes a occur per protein molecule. 
One is associated with cytochrome a and is low-spin, 
while the second is identified with cytochrome a3 
and is high-spin [3]. The protein optical properties 
are thus a convolution of those of one low-spin and 
one high-spin heme a. The possible modulation of 
these basic features by protein-mediated interaction 
effects has rendered the absorption spectrum of cyto- 
chrome oxidase controversial [4,5] and several sug- 
gestions, ranging from an independent chromophore 
model [4,6] to an a:a3 exciton interaction model [7], 
have been made. The possibility that the longest 
wavelength visible transition in low-spin heme a com- 
pounds has porphyrin rr to formyl carbonyl n* charge 
transfer character has also been raised [8]. The latter 
hypothesis is of particular interest in light of current 
models for the role of the formyl group in enzyme 
function [9]. 
Resonance Raman spectroscopy is able to provide 
insight into the electronic properties of heme a in 
solution and in situ [ 10-121. In the experiments 
reported here we have investigated the Raman spectra 
of low-spin heme a complexes obtained with laser 
excitation in resonance with the 590 nm optical band. 
Our data demonstrate that this band corresponds to 
the heme a Qoo transition; no evidence of carbonyl 
involvement was found. The visible spectrum of 
reduced cytochrome oxidase is discussed with refer- 
ence to the unusually high cr band oscillator strength 
of low-spin heme a complexes. A comparison of the 
low-spin model compound Raman data we have 
obtained with analogous data reported for the protein 
[ 131 shows a close correspondence between the two. 
We also note that the depolarization ratios for heme a 
vibrations enhanced by (Y band excitation are much 
lower than observed for protoheme compounds. 
2. Materials and methods 
Heme a was isolated from beef heart cytochrome 
oxidase, its concentration determined and low-spin 
model compounds prepared in an aqueous buffer 
system (0.1 M sodium phosphate, 0.001 M sodium 
EDTA, 0.07 M SDS and 0.6 MN-methyl imidazole) 
as in [ 121. Reduction was achieved by adding aqueous 
dithionite to the degassed solution. Oxidized samples 
of heme a in aprotic organic solvents were converted 
to the low-spin state by adjusting N-methyl imidazole 
to 0.6 M. An aprotic reducing system consisting of 
the l&crown-6 complex of sodium dithionite in 
the appropriate solvent [ 141 was used to reduce 
heme a to its ferrous state. In the organic solvent 
system we were able to obtain samples of heme a in 
which hydrogen bonding to the formyl carbonyl is 
minimized [ 121. Aggregation effects occur for aqueous 
low-spin heme a in the absence of SDS; addition of 
SDS eliminates this phenomenon and the low-spin 
heme a complexes in both the aqueous buffer system 
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above and in DMSO follow Beer’s law to a concen- 
tration of at least 5 10 PM. 
Raman spectra were recorded by using a Spex 1401 
double monochromator and the associated Ramalog 
electronics. Excitation in the 600 nm region was 
obtained from a dye laser with Rhodamine 6G dye 
pumped by a Spectra Physics Model 164 argon ion 
laser as in [ 151. Reported frequencies are accurate to 
+2 cm-r; other instrument conditions are reported in 
the figure legend. Depolarization ratios were measured 
by using a Polaroid analyzer followed by a polarization 
scrambler to record the spectrum for light scattered 
parallel or perpendicular to the incident light polari- 
zation. As a check on this procedure, depolarization 
ratios were recorded for cytochrome c’+(h,x = 5 14.5 
nm) and DMSO (h, = 59 1.5 nm) and found to agree 
with literature values. Samples (250-500 PM in heme 
a) were prepared in 5 mm pathlength cuvettes; optical 
spectra were recorded with a Cary 17D spectro- 
photometer before and after each Raman experiment 
to monitor sample integrity. 
3. Results 
The optical spectra recorded for oxidized and 
reduced low-spin heme a complexes in water and in 
the aprotic solvent, DMSO, are shown in fig. 1. In the 
oxidized species the longest wavelength visible transi- 
tion occurs near 590 nm, with a weaker transition 
-1500 cm-’ to higher energy, at 540 nm. Upon 
reduction the band at 590 nm doubles in intensity, a 
new band appears at -510 nm and the Soret shifts 
from 425 to 435 nm. That three transitions occur in 
the visible region for reduced, low-spin heme a is 
unusual; typically low-spin hemes and heme proteins 
show only the Qee (o) and Qer (0) transitions. More- 
over, the energy splitting between the two longest 
wavelength bands in heme a’+ is -1600 cm-’ , signif- 
icantly greater than the 1000-1200 cm” a-/3 band 
splitting found in other heme proteins [16]. 
Raman spectra in the 1 OOO- 1700 cm” region, 
obtained for the samples of fig.1 with excitation in 
resonance with the 590 nm optical band, are shown 
in fig.2. Depolarization ratios for the more prominent 
vibrations are listed in table 1. Several bands were 
observed in the low frequency region although the 
resonance enhancement was weaker, by a factor of 
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Fig.1. Optical spectra of oxidized and reduced heme a 
(NMeIm), in (a) DMSO and (b) H,O. 17 PM heme a was 
used in both samples. 
“3, for the strongest of these vibrations compared to 
the higher frequency bands. 
In contrast to Raman spectra of heme a obtained 
with Soret excitation [ 121, the carbonyl stretching 
vibration in the 1670- 1680 cm-’ region is not 
observed upon visible excitation even in the aprotic 
DMSO solvent system. We have also failed to observe 
the carbonyl band for heme a complexes dissolved in 
CHsCl:! or CHaCN when X, = 590 nm. The vibrational 
bands observed are, for the most part, typical of those 
seen with other hemes and heme proteins under (Y band 
excitation [ 161. Very striking differences are observ- 
ed, however, when the depolarization ratios for heme 
a complexes are compared to those of heme b or c 
compounds. For the latter, only depolarized (dp) and 
anomalously polarized (ap) (p = 3/4 and p > 3/4, 
respectively, in D4n symmetry) modes are strongly 
enhanced when h, is in resonance with the cr band 
[ 161. Moreover, the p values for ap modes are typi- 
cally % 1. For heme u, we observe no depolarization 
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Fig.2. Resonance Raman spectra of oxidized and reduced 
heme a (NMeIM), in DMSO (a,c) and in H,O (b,d). A 1 s time 
constant and 50 cm” /min scan rate were used in (a) and (c); 
in (b) and (d) these parameters were 2.5 s and 20 cm-’ /min. 
Slitwidths were used which provided 6 cm-’ resolution; the 
laser power incident on the samples was 150 mW. The exciting 
wavelength is given for each spectrum. Solvent or ligand 
vibrational modes are marked by an asterisk. 
ratios > 1 and only two modes, 1580 cm-’ and 13 10 
cm -’ , have p values indicative of anomalous polariza- 
tion; the remaining bands are polarized under Ddh 
symmetry. 
For the reduced heme a complexes, the nature of 
the solvent has little effect on the Raman bands 
observed: only the 1640 cm-’ band, already weak in 
DMSO, is absent in water. For oxidized heme a a sig- 
nificant influence of the solvent is apparent. The 
15 12 cm-’ vibration is absent for aqueous heme aL, 
while the 1634 cm-’ vibration is strongly enhanced. 
In DMSO the intensity of bands in the 1000-1400 
cm-’ region are roughly the same as those around 
1550 cm” , whereas in water the lower frequency 
vibrations are less strongly enhanced. Reduction of 
heme a3+ in water results in a marked change in the 
Raman spectrum; on the other hand, for the DMSO 
samples perturbations to the Raman spectrum by the 
reduction process are minimal. The redox process is 
Table 1 
Low-spin heme a depolarization ratios 
Heme a* (NMeIm), in DMSO Heme a* (NMeIm), in H,O Heme a’+ (NMeIm), in H,O 
Band (cm-’ ) P Band (cm-’ ) P Band (cm-’ ) P 
1640 .45 1634 .37 
1612 .38 1612 .58 
1581 .86 1583 .81 1581 .92 
1544 .50 1550 .48 1546 .53 
1512 .33 1507 .28 
1394 .44 1391 .43 
1368 .43 1370 .44 1360 .42 
1310 .70 1311 .83 1307 .95 
1227 .39 1230 .52 1228 .33 
1129 .54 1131 .60 1127 .37 
Values of p = II/Z/l for the major bands of the species in fig.2. The depolarization ratios for 
reduced heme II in DMSO were similar to the values recorded for the water sample; only the 
latter are reproduced here 
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reflected in changes in the oxidation marker band 
region (1360- 1370 cm”) in both systems, although 
the band shifts (4-10 cm-‘) are much smaller than 
those observed upon Soret excitation [l I]. This 
behavior probably indicates the presence of a second, 
redox-insensitive, band in this region [ 16 1. 
4. Discussion 
The similarity between the heme a Raman frequen- 
cies and those of heme b or c compounds under (11 
band excitation, together with the lack of resonance 
enhancement of the carbonyl stretching vibra- 
tion, clearly indicate that the 590 nm optical band 
corresponds to the heme a Qoo transition. This con- 
clusion is in agreement with recent LCAO MO SCF 
calculations which place the formyl carbonyl n* state 
at an energy well into the ultraviolet [ 171. With this 
assignment, we can compare the optical properties 
of heme a with heme c and protoheme containing 
complexes. Following [ 181, we calculated oscillator 
strengths for a and Soret bands of several porphyrin 
complexes and list the ratio (r) of these in table 2. 
An increase in r indicates a stronger electronic transi- 
tion dipole for the Qoo state which, in the 4 orbital 
model, results from a greater electronic interaction 
between the Q and B states [ 181. For heme u’+, table 
2 shows that the (Y band transition is more strongly 
allowed than in other, non-formyl containing porphy- 
rin compounds. Moreover, formylation at a second 
ring position causes a further increase in Y. The I 
values for the heme a compounds, when juxtaposed 
with that of reduced cytochrome oxidase, serve to 
rationalize the optical properties of the protein. 
Because the Q band transition for high-spin reduced 
heme n is weak [ 191, the decreased r value for the 
oxidase is consistent with the presence of one low-spin 
and one high-spin heme a per protein molecule. 
A comparison of the a: band-excited resonance 
Raman spectra of low-spin heme a with the correspond- 
ing spectra obtained [13] for the oxidase shows 
good agreement between the two. For the in vitro 
chromophore several of the bands shift to lower fre- 
quencies, up to 10 cm -r in the case of the 1520 cm-’ 
vibration, but they can nevertheless be correlated 
because of similarities in depolarization ratio. (For 
example, the depolarization ratio of the 152 1 cm-’ 
band in vivo is .35 when h,, = 602 nm [21].) Heme a 
Raman spectra are sensitive to solvent as the data of 
fig.2 indicate, which may account for much of the 
frequency shift. The correspondence observed between 
the low-spin models and the protein Raman data is 
the expected result if the principal absorber in the visi- 
ble region is low-spin cytochrome a. This interpreta- 
tion is also consistent with the transition dipole 
moment strength arguments above. 
The primary mechanism for resonance enhance- 
ment of porphyrin vibrations in heme proteins under 
a or p band excitation involves vibronic coupling 
between the Q and B states via Herzberg-Teller active 
modes. In Ddh symmetry these are A, 
B,, and consequently only anomalous y polarized f 
, B,, and 
or depolarized modes are observed in the Raman spec- 
trum [I 61. For heme a compounds, the Herzberg- 
Teller mechanism also appears to be active as evi- 
denced by anomalously polarized modes at 158 1 and 
1310 cm-‘. However, the depolarization ratios for 
the majority of the bands we observe are < 3/4 and 
Table 2 
Metalloporphyrin 01 band/Soret band oscillator strength ratios 
Compound r=f,lf, Ref. 
Low-spin heme a’+ in H,O 
Low-spin heme a* in DMSO 
Reduced cytochrome oxidase 
Reduced cytochrome c 
0.18 This work 
0.17 This work 
0.10 ]41 
0.06 1161 
Oxyhemoglobin 
Low-spin, reduced 2,6-diformyl heme 
0.05 I201 
0.25 [171 
Oscillator strengths for (Y uo) and Soret t&) band transitions were calculated as 
in [ 181 by using the band halfwidth at half-maximum intensity as a measure of 
Au 
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these modes are classified as polarized under D4n sym- 
metry. There are a number of mechanisms by which 
this could occur including the following: Franck- 
Condon overlaps induced by the strong heme a (Y band 
transition dipole moment, a perturbation to the basic 
Da symmetry such that the contribution of the iso- 
tropic tensor invariant to the total polarizability ten- 
sor is enhanced for depolarized or anomalously pola- 
rized modes, or a more drastic symmetry reduction 
to, for example, C4n or C,, symmetry [ 161. Excita- 
tion profiles for vibrational mode enhancements and 
depolarization ratios are required to elucidate the rel- 
ative importance of these possibilities and are in pro- 
gress. 
Acknowledgements 
This research was supported by NIH (GM25480) 
and Research Corporation grants (to G.T.B.) and by an 
NSF grant (CHE 78-00691) (to G.E.L.). We thank Dr 
S. I. Chan for providing us with Raman data prior to 
publication. 
References 
[l] Caughey, W. 8, Smythe, G. A., O’Keefe, D. H., 
Maskasky, J. and Smith, M. L. (1975) J. Biol. Chem. 
250,7602-7622. 
[2] Smith, D. W.and Williams, R. J. P. (1970) Struct. Bond. 
(Berlin) 7, l-45. 
[3] Tweedle, M. F., Wilson, L. J., Garcia-Ifiiguez, L., Bab- 
cock, G. T. and Palmer, G. (1978) J. Biol. Chem. 253, 
8065-8071. 
(41 Babcock, G. T., Vickery, L. E. and Palmer, G. (1976) 
J. Biol. Chem. 251, 7907-7919. 
[S] Erecir’rska, M. and Wilson, D. F. (1978) Arch. Biochem. 
Biophys. 188, 1-14. 
[6] Nicholls, P. and Chance, B. (1974) in: Molecular Mecha- 
nisms of Oxygen Activation (Hayaishi, 0. ed) pp. 
479-534, Academic Press, New York. 
[ 71 Adar, F. and Erecir’rska, M. (1979) Biochemistry 18, 
1825-1829. 
[8] Brittain, T., Greenwood, C., Springall, J. P. and 
Thomson, A. J. (1978) Biochem. J. 173,411-417. 
[9] Babcock, G. T. and Chang, C. K. (1979) FEBS Lett. 97, 
358-362. 
[lo] Kitagawa, T., Kyogoku, K. and Orii, Y. (1977) Arch. 
Biochem. Biophys. 181, 228-235. 
[ 1 l] Salmeen, I., Rimai, L. and Babcock, G. T. (1978) Bio- 
chemistry 17,800-806. 
[ 121 Babcock, G. T. and Salmeen, I. (1979) Biochemistry 18, 
2493-2498. 
[ 131 Bocian, D. F., Lemley, A. T., Petersen, N. O., Brudvig, 
G. W. and Chan, S. I. (1979) Biochemistry in press. 
[ 141 Mincey,T. and Traylor, T. G. (1978) Bioinorg. Chem. 9, 
409-420. 
[15] Thrash, R. J., Fang, H. L. B. and Leroi, G. E. (1977) J. 
Chem. Phys. 67,5930-5933. 
[ 161 Rousseau, D. L., Friedman, J. M. and Williams, P. F. 
(1978) Topics in Current Physics, vol. 11, ch. 6. 
[ 171 Nozawa, T., Kaito, A., Hatano, M., Orii, Y., Babcock, 
G. T. and Chang, C. K. (1979) submitted. 
[18] Gouterman, M. (1959) J. Chem. Phys. 30,1139-1161. 
[19] Lemberg, M. R. (1969) Physiol. Rev. 49,48-121. 
[20] Adar, F. (1978) in: The Porphyrins (Dolphin, D. ed) 
vol. 3, pp. 167-211, Academic Press, New York. 
(211 McMahon, J., Ondrias, M., Babcock, G. and Leroi, G. 
(1979) unpublished. 
151 
